Following genotoxic stress, p53 either rescues a damaged cell or promotes its elimination. The parameters determining a specific outcome of the p53 response are largely unknown. In mouse fibroblasts treated with different irradiation schemes, we monitored transcriptional and non-transcriptional p53 activities and identified determinants that initiate an anti-or a pro-apoptotic p53 response within the context of p53-independent stress signaling. The primary, transcription-mediated p53 response in these cells is anti-apoptotic, while induction of p53-dependent apoptosis requires an additional, transcription-independent p53 activity, provided by high intracellular levels of activated p53. High intracellular levels of p53 were selectively generated after apoptosis-inducing high-dose UV-irradiation, and correlated with a strongly delayed upregulation of Mdm2. Following high-dose UV-irradiation, p53 accumulated in the cytoplasm and led to activation of the pro-apoptotic protein Bax. As p53-dependent Bax-activation is transcription-independent, we postulated that certain transcription-deficient mutant p53 proteins might also exert this activity. Indeed we found an endogenous, transcription-inactive mutant p53 that upon genotoxic stress induced Bax-activation in vivo. Our results demonstrate the impact and in vivo relevance of non-transcriptional mechanisms for wild-type and mutant p53-mediated apoptosis. Oncogene (2006) 25, 940-953.
Introduction
Mammalian cells harbor a complex network of signaling pathways that are activated upon genotoxic stress. Among the numerous factors that exert the cellular stress responses, the tumor suppressor p53 plays a pivotal role. P53 becomes activated by several stress stimuli, for example, UV-and gamma-irradiation, nucleotide depletion, hypoxia and diverse chemotherapeutic agents (El-Deiry, 2003) . Hallmarks of p53 activation are stabilization of the p53 protein, its accumulation in the nucleus and its modification, for example, phosphorylation by the ATM and ATR kinases at serine 15 in human, and serine 18 in mouse p53 (El-Deiry, 2003) . Activated p53 is capable of triggering the induction of three different types of cellular stress responses: (i) transient cell cycle arrest, accompanied by DNA-repair; (ii) terminal growth arrest, which is associated with a senescence-like phenotype and permanently excludes cells from further divisions; (iii) activation of the apoptotic program.
All these responses contribute to p53's role as 'guardian of the genome'. However, for the damaged cell itself the consequences of the various cellular programs are quite different. While a transient or a terminal arrest keeps a cell alive, apoptosis stringently kills it. As understanding, and in the next step influencing the signals that determine the outcome of the decision over life or death is a major topic in cancer research, much effort has been invested in elucidating the molecular mechanisms of p53 function and in understanding the selectivity of the p53 response. Although many anti-and pro-apoptotic p53 signals have been characterized in detail, their integration is barely understood. As a consequence, the molecular parameters that selectively cause p53 either to rescue or to kill a cell remain unclear.
The main molecular function of p53 is its ability to act as a transcription factor. Upon cellular stress, p53 induces the expression of numerous target genes that fall into two major classes: genes coding for cell cycle regulators and genes coding for apoptotic factors. Out of the group of cell cycle regulating p53 targets, p21 (ElDeiry et al., 1993 ) and 14-3-3s (Hermeking et al., 1997) belong to the best understood factors. Utilizing different mechanisms, both p21 and 14-3-3s negatively interfere with cyclin dependent kinases, the motors of cell cycle progression and proliferation (Gartel and Tyner, 2002; Hermeking, 2003) . Since inactivation of p21 and/or 14-3-3s sensitizes certain cells to apoptosis-inducing drugs (Gartel and Tyner, 2002; Hermeking, 2003) , both proteins can also exert an anti-apoptotic effect, in addition to their primary anti-proliferative function.
Depending on cell type and apoptotic stimulus, induction of apoptosis can be triggered via a number of different, p53-dependent and p53-independent signaling cascades (El-Deiry, 2003; Fridman and Lowe, 2003) . P53-mediated apoptosis in response to genotoxic stress is primarily signaled via the mitochondrial pathway (ElDeiry, 2003) . Here, permeabilization of the outer mitochondrial membrane (OMM) is the key event that initializes the apoptotic cascade. The Bcl-2 protein family, consisting of pro-apoptotic and anti-apoptotic members, controls permeability of the OMM (Cory and Adams, 2002) . Acting as a transcription factor, p53 upregulates a large and still increasing number of proapoptotic genes (Vousden and Lu, 2002; Fridman and Lowe, 2003) , including the pro-apoptotic Bcl-2 family members Bax (Miyashita and Reed, 1995) and Puma (Nakano and Vousden, 2001; Yu et al., 2001) , and genes of other apoptosis-promoting factors, for example, PIG3 . Although numerous p53-induced pro-apoptotic factors are known, a central target gene whose upregulation alone accounts for the major death-promoting effect of p53 has not yet been identified.
In addition to transcription-mediated contributions, the phenomenon of transcription-independent p53 apoptosis has been known for a while. Possible mechanisms for non-transcriptional p53 apoptosis, however, were only recently reported. While some studies suggest that translocation of the p53 protein itself to or into the mitochondria is responsible for its pro-apoptotic effect (Marchenko et al., 2000; Dumont et al., 2003; Mihara et al., 2003; Leu et al., 2004) , others report a transcription-independent, direct activation of the pro-apoptotic protein Bax by cytosolic p53 (Chipuk et al., 2003 (Chipuk et al., , 2004 . However, neither the physiological impact of transcription-independent mechanisms for the induction of apoptosis in vivo nor the coordination between transcriptional and non-transcriptional p53 activities has been sufficiently clarified.
In this study, we looked for mechanisms that could explain on a molecular basis the decision between survival and apoptosis as opposing outcomes of the p53 response in irradiated mouse fibroblasts. We found that the transcriptional p53 response in these cells exerts a primarily anti-apoptotic effect, while non-transcriptional activities determine the induction of p53-mediated apoptosis. Our results thus suggest that both, transcriptional and non-transcriptional p53 activities are important determinants of the selectivity of the p53 response.
Results

Different irradiation treatments induce different outcomes of the stress response in NIH3T3 cells
In order to identify signals that are responsible for p53-mediated survival or elimination of damaged cells, we selectively induced different outcomes of the stress response in wild-type p53 (wtp53) expressing murine NIH3T3 fibroblasts. We treated cells with empirically established low and high doses of UV (10 and 100 J/m 2 , respectively) or gamma-irradiation (2 and 20 Gy, respectively), and monitored the cellular stress response in a time course experiment. As shown by FACS analysis, all irradiation schemes induced changes in the cell cycle profiles (Figure 1a ), indicating that cell cycle checkpoints were activated and a stress response was induced by all treatments. Low-dose irradiation with 10 J/m 2 UV or 2 Gy gamma altered the cell cycle profiles only temporarily, and a normal profile was restored at the end of the observation period. In agreement with the FACS data, low-dose irradiated cells also resumed normal proliferation (data not shown).
In contrast, high-dose UV-irradiation led to elimination of NIH3T3 cells by apoptosis. Starting at 30 h after 100 J/m 2 UV-irradiation, FACS analysis revealed increasing amounts of cell fragments with a sub-G1 DNA content, indicating the activity of apoptosis-related nucleases, and after 68 h almost all cells were fragmented, leading to loss of the cell population ( Figure 1a ). Western blot analyses confirmed induction of apoptosis. Cleaved caspase 3, one of the major executionerproteases within the process of apoptotic cell death, could be detected only upon 100 J/m 2 UV-irradiation, but not in untreated cells nor in 10 J/m 2 UV, 2 Gy and 20 Gy gamma-irradiated cells (Figure 1b) . In further accord, the replication protein cdc6, a cellular substrate of caspase 3 (Pelizon et al., 2002) , was cleaved only in cells receiving 100 J/m 2 UV-irradiation, as revealed by the appearance of a faster running cdc6 fragment (Figure 1b) . Of note, also UV-irradiation with a dose of 50 J/m 2 led to activation of caspase 3 and induction of apoptosis (data not shown), but not to a quantitative elimination of the cell population, which was obtained only with the higher dose of 100 J/m 2 UV. High dose gamma-irradiation (20 Gy) induced a third type of damage response, terminal growth arrest. Terminally arrested cells exhibit a senescence-like phenotype, are irreversibly excluded from further divisions, but remain viable (Roninson, 2003) , all characteristics of the NIH3T3 cells receiving 20 Gy gamma-irradiation: The FACS profiles (30-68 h) indicated no S phase cells, but an accumulation of cells with 2N and 4N content. Furthermore, neither significant DNA fragmentation (Figure 1a ) nor the presence of cleaved caspase 3 (Figure 1b ) could be detected after 20 Gy gamma-irradiation, suggesting that apoptosis was not induced. In agreement with this finding, 20 Gy gamma-irradiated cells could be kept in culture for several days. After trypsination, cells again adhered to plates and thus were viable. However, cell numbers did not increase, indicating a permanent proliferation stop (data not shown). Finally, 20 Gy irradiated cells exhibited altered morphology, with a prominent increase in size and granularity, a flattened shape, and the expression of senescence-associated b-galactosidase (SA-b-Gal). Blue cells, that is, X-gal stained and thus SA-b-Gal-positive, were detectable after 20 Gy gammairradiation, but not in untreated NIH3T3 cells (Figure 1c ) nor in cells receiving 10 J/m 2 UV or 2 Gy gamma-irradiation (data not shown).
Of note, all types and doses of irradiation led to stabilization of p53, albeit to varying degrees, and induced stress-related phosphorylation of p53 at serine 18, the mouse homologue of human serine 15 (Figure 1d ). Thus, p53 activity is integrated and involved in all different stress responses. Our experimental system of differently irradiated NIH3T3 cells thus appeared suitable for the identification of differentially regulated p53 activities, specific for either survival or apoptosis. lysates derived from irradiated NIH3T3 cells at the indicated time points after irradiation were used to monitor the presence of cleaved caspase 3 and its substrate cdc6 as markers of apoptosis. Equal protein loading was confirmed by tubulin expression. (c) X-Gal staining: activity of senescence-associated b-galactosidase was monitored in untreated or 20 Gy gamma-irradiated NIH3T3 cells, harvested 12 days after irradiation. (d) Western blot: lysates from untreated (À) or irradiated ( þ ) NIH3T3 cells, harvested 8 h after irradiation, were probed for p53 and serine 18 phosphorylated p53. Equal loading is shown by a non-specific band of the anti p53-serine18-P antibody (control).
Dissection of p53 apoptotic activities
D Speidel et al P53-mediated upregulation of p21 provides a dominant anti-apoptotic signal In NIH3T3 cells, the senescence-like phenotype of a terminal growth arrest can be induced by overexpression of p21 (Chen et al., 2002) . We therefore asked whether p53-mediated upregulation of p21 might provide the signal responsible for the terminal growth arrest observed after high-dose gamma-irradiation. Gammairradiation (20 Gy) led to a strong and persistent upregulation of p21 in NIH3T3 cells (Figure 2a) . Upregulation of p21 is wtp53-dependent, as mouse fibroblast cells either deficient for p53 (10-1) (Harvey and Levine, 1991) or expressing a mutant p53 (mutp53) protein (Balb/c3T3tx) (Milner et al., 1993) did not induce p21 following 20 Gy gamma-irradiation ( Figure 2a Dissection of p53 apoptotic activities D Speidel et al contrast, p53À/À and p21À/À MEFs died from apoptosis after the same treatment, as revealed by the presence of cleaved caspase 3 and DNA fragmentation (Figure 2b , c). Thus, following high-dose gammairradiation, wtp53 acts as a dominant anti-apoptotic factor, which by upregulation of p21 protects damaged cells against p53-independent apoptosis and rescues them by induction of a terminal growth arrest.
In agreement with this result, p53-negative 10-1 cells and mutp53 expressing Balb/c3T3tx cells also died from apoptosis after 20 Gy gamma-irradiation ( Figure  2d , e). In summary, an anti-apoptotic program induced by p53 determines the outcome of the cellular stress response in 20 Gy gamma-irradiated wild-type mouse fibroblasts.
Upregulation of Bax and PIG3 is not sufficient to induce apoptosis
We next addressed the mechanisms that induce apoptosis in NIH3T3 cells after 100 J/m 2 UV-irradiation. First, we asked whether UV-induced apoptosis is also mediated by the transcriptional activity of p53. In this case, upregulation of anti-or pro-apoptotic factors should be differentially regulated. Therefore, we compared the expression of a selected group of p53 targets in 20 Gy irradiated NIH3T3 cells, where p53 promotes survival, with those in 100 J/m 2 UV-treated cells that undergo apoptosis. Following the concept that differential transactivation of p53 is largely determined by different binding affinities of target gene promoters to the p53 protein, we analysed targets under control of promoters with a very high (e.g. p21) and a rather low (e.g. Bax, PIG3) p53 binding affinity, respectively (Inga et al., 2002; Kaeser and Iggo, 2002) .
In a time course experiment we monitored the expression of the anti-apoptotic proteins p21 and 14-3-3s, and the pro-apoptotic factors Bax and PIG3. The decision between survival (20 Gy gamma) and cell death (100 J/m 2 UV) is not reflected by a different expression pattern of these p53 targets, as both irradiation schemes led to a strong and sustained induction of all investigated p53 targets ( Figure 3a ). Importantly, a sustained upregulation of p21, which we had shown to provide a dominant anti-apoptotic signal upon 20 Gy gammairradiation (see Figure 2 ), occurred also after apoptosisinducing 100 J/m 2 UV-irradiation. Similarly, increased levels of the pro-apoptotic factors Bax and PIG3 were not only observed after apoptosis-inducing 100 J/m 2 UV-irradiation, but also after non-apoptotic irradiation treatments ( Figure 3a and Supplementary Figure 1 ). In addition, we monitored the induction of Puma, another important pro-apoptotic p53 target, that differs from Bax and PIG3 as Puma is under control of a promoter with a much higher binding affinity to p53 (Kaeser and Iggo, 2002) . However, also Puma was similarly upregulated by apoptotic and non-apoptotic radiation treatments ( Figure 3b ). These findings indicate that upregulation of Bax, PIG3 and Puma in NIH3T3 cells as such is not sufficient to induce apoptosis and that an additional signal is required to activate the apoptotic program.
High levels of p53 protein are selectively generated in high-dose UV-irradiated cells and correlate with a delayed upregulation of Mdm2 A striking difference between 20 Gy gamma-and 100 J/m 2 UV-irradiated NIH3T3 cells is the significant difference in p53 levels generated upon irradiation. As shown before (Figure 1d ), all irradiation schemes led to stabilization of p53 and induced the activating phosphorylation at serine 18 ( Figure 3c ). However, cells treated with apoptosis-inducing 100 J/m 2 UV-irradiation accumulated much higher amounts of total as well as modified p53 when compared to cells treated with other irradiation schemes (Figure 3c ). Importantly, the higher p53 levels in 100 J/m 2 UV-irradiated cells did not result in a higher upregulation of anti-or pro-apoptotic p53 targets when compared to 20 Gy gamma-irradiated cells (see Figure 3a, b) . However, the different levels of p53 in 100 J/m 2 UV and 20 Gy gamma-irradiated cells correlate with different kinetics of upregulation of Mdm2, a p53 target that is required for p53 degradation (Michael and Oren, 2003) . In 20 Gy gamma-irradiated cells, Mdm2 upregulation occurs very rapidly, whereas it is delayed in 100 J/m 2 UV-irradiated cells (Figure 3c ). The different kinetics of Mdm2 upregulation might provide a clue for the different amounts of p53 seen in 20 Gy gammaversus 100 J/m 2 UV-irradiated cells (see Discussion).
High levels of p53 protein mediate a pro-apoptotic activity of p53
To analyse whether generation of high p53 protein levels might merely correlate with apoptosis in 100 J/m 2 UVirradiated cells or, alternatively, might be causally involved in induction of apoptosis, we increased the intracellular p53 level in NIH3T3 cells by transient ectopic expression of an HA-tagged murine wtp53 (HA-p53), and analysed the transfected cells for the presence of cleaved caspase 3 as a marker of apoptosis. As a control, we transfected expression vectors coding for GFP or a fusion protein of GFP with b-galactosidase. Expression of the transfected genes was controlled by Western blot analysis and immunofluorescence microscopy and revealed transfection efficiencies of 15-30% (data not shown). At 18 h after transfection, cells were either 20 Gy gamma-irradiated or mock treated, and harvested 26 h after treatment. Independent of irradiation, cleaved caspase 3 could be weakly detected in GFP-transfected NIH3T3 cells, indicating that GFP transfection might have some cytotoxic side effects, but does not affect sensitivity of the cells to irradiation (Figure 4a ). Microscopic analysis of b-galactosidase-GFP transfected and 20 Gy gamma-irradiated cells confirmed that the vast majority of b-galactosidase-GFP overexpressing cells were caspase 3 negative and, like non-transfected cells, were protected against apoptosis (Figure 4b ). In contrast, p53 overexpression altered the response of NIH3T3 cells to 20 Gy gamma-irradiation. As revealed by the presence of cleaved caspase 3, HA-p53 transfected NIH3T3 cells underwent apoptosis upon 20 Gy gamma-irradiation (Figure 4a, b) . Thus, the cellular stress response to high-dose gamma-irradiation could be converted from a p53-dependent and p21-mediated growth arrest and resistance against apoptosis to p53-mediated apoptosis simply by increasing the intracellular p53 level. The high levels of activated p53 then were able to overcome the p53/p21-mediated anti-apoptotic signal, which determines the cellular response in non-transfected cells upon 20 Gy gamma-irradiation. Importantly, however, expression of high amounts of p53 without additional DNA-damage did not induce apoptosis in NIH3T3 cells (Figure 4a, b) , indicating that damage-induced activation of p53 is required for the pro-apoptotic effect. In accordance with our observation that higher p53 levels do not correlate with higher expression levels of p53 targets (see before), the higher p53 amounts in HA-p53 transfected and Cytosolic p53 accumulates in pre-apoptotic cells and correlates with Bax-activation Recent studies have linked non-transcriptional proapoptotic activities of p53 to a cytosolic or mitochondrial localization of the protein (Chipuk et al., 2003 (Chipuk et al., , 2004 Dumont et al., 2003; Mihara et al., 2003; Leu et al., 2004) . To test whether such a non-transcriptional activity of p53 might account for 100 J/m 2 UV-induced apoptosis in NIH3T3 cells, we monitored differently irradiated NIH3T3 cells for the presence of cytosolic p53. A time course experiment showed that upon 100 J/ m 2 UV-irradiation active caspase 3 became detectable 14 h post irradiation (Figure 5a ), indicating that the signals which initialize the apoptotic cascade must occur earlier. We therefore prepared nuclear and cytosolic fractions of NIH3T3 cells harvested 8 h after irradiation or mock-treatment. Purity of the fractions was controlled by Western blot analysis probing for the soluble fraction of scaffold attachment factor A (SAF-A) and cytochrome c as markers for the nuclear and cytosolic compartments, respectively (Figure 5b ). Whereas accumulation of nuclear p53 (Figure 5b , left panel) was observed upon all types and doses of irradiation, albeit to largely different levels, cytosolic p53 was hardly detectable in non-irradiated and 10 J/m 2 UV, 2 and 20 Gy gamma-irradiated cells. However, cytosolic p53 accumulated to high amounts upon apoptosis-inducing 100 J/m 2 UV-irradiation (Figure 5b , right panel), probably reflecting the high amounts of total p53 in these cells.
Cytosolic accumulation of p53, achieved by inhibiting nuclear import, was reported to directly activate Bax, thereby leading to induction of mitochondria-mediated apoptosis (Chipuk et al., 2004) . We therefore investigated whether intrinsically generated high cytosolic p53 Dissection of p53 apoptotic activities D Speidel et al levels in 100 J/m 2 UV-irradiated NIH3T3 cells are coupled to activation of Bax. Activation of Bax involves a translocation of the protein to mitochondria and insertion into the OMM, which causes membrane permeabilization and initializes the cascade of mitochondria-mediated apoptosis leading to activation of caspase 3 (Cory and Adams, 2002) . We monitored Baxactivation by confocal microscopy and studied the distribution of endogenous Bax with respect to a mitochondrial localization. In non-irradiated NIH3T3 cells, Bax appears in a dot-like pattern, localized in the cytoplasm and in the nucleus (Figure 5c ). Higher magnification revealed that Bax dots are in part very close to the mitochondria, but do not colocalize (Figure 5c ). In apoptotic cells (26 h after 100 J/m 2 UV), the pattern of Bax-distribution changed significantly, as Bax now was associated with mitochondria ( Figure 5c ). Higher magnification showed that mitochondrial (Figure 5c ), suggesting that Bax-activation, as indicated by its translocation, is involved in 100 J/m 2 UV-induced apoptosis. Importantly, translocation of Bax to the mitochondria could be observed already 8 h (partially) and 12 h (almost 100% colocalization) after irradiation (Figure 5d ). At these time points, p53 had already accumulated in the cytosol, but active caspase 3 was not yet detectable (see Figures 5a, b) . Thus, translocation of Bax significantly preceded caspase 3 activation, suggesting that Bax-activation is an initialization step of 100 J/m 2 UV-induced apoptosis.
To validate the specificity of Bax-translocation for apoptosis, we also analysed Bax-distribution in 20 Gy gamma-irradiated NIH3T3 cells. Gamma-irradiation (20 Gy) led to upregulation of Bax, but not to apoptosis (see Figures 3a and 1) . Confocal analysis performed at time points when Bax levels had peaked (26 h after 20 Gy gamma; see Figure 3a) showed that 20 Gy gamma-irradiation did not induce translocation of Bax to the mitochondria (Figure 5e ). Similarly, other nonapoptotic irradiation treatments led to upregulation of Bax but not to its mitochondrial localization (Supplementary Figure 1 and 2). Thus, Bax-upregulation and -activation are independently regulated. While upregulation of Bax occurs independently of apoptosis, Bax-activation is coupled to apoptosis.
Stress-induced Bax-activation is p53-dependent, but transcription-independent
Elegant in vitro studies demonstrated the ability of p53 to directly activate Bax in a transcription-independent manner (Chipuk et al., 2003 (Chipuk et al., , 2004 . To prove that p53 and not another factor is responsible for Bax-activation also in our in vivo system, we analysed isogenic mouse fibroblasts based on the p53-deficient cell line 10-1 (Harvey and Levine, 1991; Ziegler, 1998) . Western blot analysis validated that the p53 protein is not expressed in 10-1 cells (Figure 6a ). Accordingly, p53 targets like Mdm2, 14-3-3s, PIG3, and Bax, were not upregulated after 100 J/m 2 UV-irradiation (Figure 6a ). Of note, 10-1 cells express similar amounts of Bax when compared to a control lysate (C) derived from NIH3T3 cells (Figure 6a ). Irradiation with 100 J/m 2 UV induced apoptosis in 10-1 cells, as revealed by the presence of cleaved caspase 3, which became detectable 20 h post irradiation (Figure 6b) . However, confocal microscopy demonstrated that Bax-distribution in 10-1 cells did not change upon 100 J/m 2 UV-irradiation and maintained the same pattern as observed in non-irradiated cells (Figure 6c ). Bax-translocation to mitochondria was neither observed in a pre-apoptotic state (17 h post 100 J/m 2 UV) nor after initialization of the apoptotic cascade (27 h post 100 J/m 2 UV). Thus, 100 J/m 2 UVinduced, p53-independent apoptosis in these cells does not involve activation of Bax.
To prove the p53 dependence of stress-induced Bax-activation, we studied the consequences of p53 re-expression in 10-1 cells. 10-1cG9 cells stably express a well characterized temperature-sensitive p53 mutant (Val135) (Michalovitz et al., 1990) , and are derived from parental 10-1 cells by single-cell cloning of tsp53 transfected cells (Ziegler, 1998) . At the non-permissive temperature (391C), tsp53 exhibits a mutant conformation and is transcription inactive. Accordingly, 10-1cG9 cells, cultured at 391C, express large amounts of tsp53 that do not affect the expression of p53 targets like Mdm2, p21 and others when compared to parental p53-null 10-1 cells (Figure 6d and data not shown). Upon shift to the permissive temperature (301C), tsp53 adopts a wild-type conformation and induced upregulation of Mdm2 and p21 in 10-1cG9 cells (Figure 6d ). Treatment with actinomycin D, an inhibitor of transcription, completely abolished upregulation of Mdm2 and p21 at the permissive temperature in 10-1cG9 cells (Figure 6d) , indicating that the transcriptional activity of tsp53 can be efficiently blocked by this drug. Independent of the tsp53 conformation, 100 J/m 2 UVirradiation induced apoptosis in 10-1cG9 cells as indicated by the presence of cleaved caspase 3 (Figure 6e) . However, monitoring 100 J/m 2 UV-irradiated 10-1cG9 cells for Bax-translocation to the mitochondria at the permissive and the non-permissive temperature revealed a decisive difference: Irradiated 10-1cG9 cells, expressing tsp53 in mutant conformation (391C), did not show mitochondrial Bax (Figure 6f ) and thus behaved like the parental cell line. Cells cultured at 301C (tsp53 in wt conformation), however, clearly displayed translocation of Bax to the mitochondria (Figure 6f) . Expression of 'wild-type' tsp53 thus restored stress-induced activation of Bax in p53-null cells, demonstrating that Bax-activation in irradiated mouse fibroblasts indeed is wtp53-dependent. Furthermore, treatment of 10-1cG9 cells with actinomycin D did not impair Bax-translocation (Figure 6f ) confirming the in vitro based finding that p53-mediated activation of Lysates from tsp53-expressing 10-1cG9 cells and parental p53-null 10-1 cells were probed for p53 and p53 targets Mdm2 and p21. 10-1cG9 cells were cultured at 391C (tsp53 in mutant conformation) and harvested before (391C) or 26 h after shift to 301C (tsp53 in wild-type conformation). Where indicated (AD), 4 mM actinomycin D was added to the medium 1.5 h before shift to 301C. (e) Western blot: 10-1cG9 cells were cultured at 391C and 100 J/m 2 UV irradiated or shifted to 301C and irradiated 5 h after temperature shift. The presence of cleaved caspase 3 was analysed in lysates from mock (À) or 100 J/m 2 UV ( þ ) -irradiated 10-1cG9 cells 26 h post irradiation. (f) Confocal images: Mitochondria and Bax were stained in 100 J/m 2 UV-irradiated 10-1cG9 cells that were cultured at the indicated temperatures and harvested 24 h after irradiation. Actinomycin D (4 mM) was added 1.5 h before temperature shift and 6.5 h before irradiation. Representative cells are depicted.
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Bax does not require active transcription (Chipuk et al., 2003) . In summary, stress-induced Bax-activation in fibroblasts is a specific, wtp53-mediated, but transcription-independent feature of p53-dependent apoptosis.
Endogenous Balb/c3T3tx mutant p53 activates Bax upon genotoxic stress Our data show that in mouse fibroblasts p53-mediated apoptosis is determined by a non-transcriptional activity of p53, namely activation of Bax by high amounts of Dissection of p53 apoptotic activities D Speidel et al cytosolic p53. As the transcriptional activity of p53 is not required for this activity, one ought to expect that some transcription-inactive mutant p53 proteins have retained the ability to activate Bax, and thereby initiate apoptosis. Although 'mutant' tsp53 from 10-1cG9 cells does not have this capacity, we found a mutant p53 expressing fibroblast cell line, which upon genotoxic stress, triggers activation of Bax. Balb/c3T3tx cells endogenously express a mutant p53 (mutp53), which carries point mutations at codon 230 (1st allele) and at codons 230 and 237 (2nd allele) (Milner et al., 1993) . 100 J/m 2 UV-irradiation induced apoptosis in Balb/c3T3tx cells (Figure 7a, b) , but did not lead to upregulation of Mdm2, Bax or other targets (Figure 7c and data not shown), confirming that 3T3tx mutp53 is transcription-inactive, at least with regard to bona fide wtp53 targets. As common for most p53 mutants, 3T3tx mutp53 is expressed at high levels, which did not further increase upon 100 J/m 2 UV-irradiation and other irradiation treatments (Figure 7c and data not shown). However, mutp53 became phosphorylated at serine 18 upon irradiation, indicating that the p53 activating upstream pathways in 3T3tx cells are intact (Figure 7c ). Confocal microscopy showed that upon 100 J/m 2 UV-irradiation, Bax is translocated to the mitochondria of Balb/c3T3tx cells (Figure 7d ). To demonstrate that Bax-activation in irradiated Balb/ c3T3tx cells is indeed mediated by mutp53, we transfected the cells with p53 specific siRNA and studied the consequence of mutp53 downregulation. By triple staining (p53, Bax, mitochondria) we identified cells that were negative for p53, and analysed them for mitochondrial Bax. As depicted in Figure 7e , downregulation of mutp53 impaired Bax-translocation to the mitochondria in 100 J/m 2 UV-irradiated Balb/c3T3tx cells, confirming that mutp53 indeed triggers activation of Bax in these cells. The results further confirm that p53-dependent activation of Bax is not coupled to the transcriptional activity of p53 and provide evidence that some endogenous, transcription-inactive mutant p53 proteins can be activated by genotoxic stress and then actively exert a pro-apoptotic function in the cellular stress response by inducing Bax-translocation.
Discussion
The search for parameters that cause p53 to either rescue or eliminate a damaged cell is a topic of intense research and highly relevant for medical application. Although many aspects of anti-and pro-apoptotic p53 signaling have been elucidated, the parameters satisfactorily explaining the selectivity of the p53 response to genotoxic stress have not yet been defined. In this report, we systematically monitored transcriptional and non-transcriptional p53 activities in NIH3T3 cells that were selectively induced to undergo different types of a stress response. Our approach was based on the idea that a comparative analysis of the differently irradiated cells should allow to study the integration of anti-and pro-apoptotic p53-signals and to evaluate their impact for the decision between survival and apoptosis within the context of p53-independent stress signaling.
Monitoring the p53 response to various irradiation schemes at the level of p53 target proteins led to the important observation that the different outcomes of a permanent response (terminal growth arrest or apoptosis) cannot simply be explained by a differential upregulation of pro-or anti-apoptotic p53 targets, as both types of targets became upregulated independent of the outcome of the stress response. Although we have analysed expression of the major apoptotic p53 targets Bax, PIG3 and PUMA, we cannot exclude with certainty the possibility that other, not analysed p53 targets became selectively upregulated by a specific type of radiation treatment. Despite this caveat, our data indicate that anti-and pro-apoptotic p53 targets in general are not differentially induced and that induction of p53-mediated apoptosis requires an additional signal besides upregulation of pro-apoptotic targets.
Upon high-dose gamma-irradiation, we identified p21 as a p53-upregulated factor that blocks p53-independent apoptosis and induces a terminal growth arrest (cellular senescence). The finding is in line with previous reports demonstrating that p21 is able to block apoptosis under certain conditions (Gartel and Tyner, 2002) . Since highdose gamma-irradiation also induced a massive upregulation of the pro-apoptotic p53 targets Bax and PIG3, we conclude that the p21-induced terminal growth arrest is dominant over the pro-apoptotic effects of upregulated pro-apoptotic p53 targets. Thus, the primary transcriptional p53 response in irradiated mouse fibroblasts is anti-apoptotic. Similar results obtained with gamma-irradiated human tumor-derived cell lines (Speidel and Deppert, unpublished) underscore the relevance of this finding and suggest that the ability of p53 to act as a dominant anti-apoptotic factor has to be seriously considered in the context of cancer therapy.
Analysis of p53 expression in cells treated with different irradiation schemes revealed that treatment with 100 J/m 2 UV induced substantially higher amounts of p53 than all other treatments. The finding suggested that high amounts of activated p53 are able to overcome the block to apoptosis induced by p21, an assumption that could also be supported by ectopic expression of p53 in NIH3T3 cells followed by 20 Gy gammairradiation. Previous studies already had shown that high amounts of ectopic p53 can induce apoptosis, whereas lower amounts are coupled to cell cycle regulatory or differentiation effects (Chen et al., 1996; Ronen et al., 1996) . The data presented here provide evidence that high amounts of p53 indeed constitute a physiologically relevant, pro-apoptotic signal, as in one and the same cell line (NIH3T3) endogenous p53 levels are differentially regulated upon different stress stimuli, and the generation of high p53 levels was specifically coupled to induction of apoptosis. Importantly, our data demonstrate that high levels of p53 as such are not sufficient for apoptosis induction, and that an activating signal is required for the apoptosis promoting effect performed by high levels of p53. Most reasonably, a specific modification of the p53 protein will provide this activation, and it will be an important achievement to identify the relevant sites and types of modifications. Since higher p53 amounts did not lead to a stronger upregulation of p53 targets, we concluded that the apoptosis-inducing activity of high amounts of activated p53 was transcription-independent. Further analysis assigned the pro-apoptotic activity of high amounts of activated p53 to cytosolic p53, which was able to trigger Bax-activation. Previous in vitro studies had already shown that cytosolic p53 can activate Bax in a transcription-independent manner analogous to that of BH3-only-proteins, and thereby lead to apoptosis (Chipuk et al., 2003 (Chipuk et al., , 2004 . Our data demonstrate for the first time the relevance of this mechanism in vivo. 
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The transcription-independent, apoptosis-promoting activity of high levels of activated cytosolic p53 clearly is imbedded in the signaling network of p53-independent apoptosis, as our data show that high-dose irradiation also induces apoptosis by p53-independent pathways in cells lacking functional p53. Having dissected the contribution of transcriptional and non-transcriptional p53 activities to the p53-specific apoptotic program, it will be a future challenge to understand the coordination and cooperative interplay of p53-dependent and -independent death signals and their specific role for induction of apoptosis. Our studies also demonstrated that transcriptional upregulation of Bax and its activation as an apoptotic factor are two separate events. Notably, only activation of Bax, but not upregulation of the protein, is stringently coupled to p53-mediated apoptosis, arguing that transcription-independent activation of Bax has a stronger impact on the induction of p53-mediated apoptosis in fibroblasts than transcriptional upregulation of Bax. Results obtained from Balb/c3T3tx fibroblasts provided further support to this concept, as the transcription-inactive mutant p53 expressed in these cells was activated by genotoxic stress and triggered Bax-activation, but not its upregulation.
Transcriptional upregulation of p53 targets and nontranscriptional Bax-activation are two separate activities of p53, which are independently regulated and trigger different outcomes of the p53 response. However, closer examination of the time course of p53 target induction reveals a plausible connection between transcriptional and non-transcriptional activities at the level of Mdm2 induction. In 20 Gy gamma-irradiated cells, upregulation of Mdm2 to very high levels is very rapid, with Mdm2 reaching its highest level of expression already 2 h after irradiation (see Figure 3c ). As Mdm2 is the major mediator of p53 degradation (Michael and Oren, 2003) , it is not surprising that p53 levels after 20 Gy gamma-irradiation increased only to a limited extent. A completely different picture is seen in 100 J/m 2 UVirradiated cells, where Mdm2 levels started to increase only 8 h after irradiation, that is, at a time when p53 levels were already significantly higher than after all other irradiation schemes, and cytosolic p53 already had accumulated (see Figures 3c and 5a) . Moreover, the initially low Mdm2 levels in 100 J/m 2 UV-irradiated cells might even enhance cytosolic accumulation of p53, as Li et al. (2003) proposed that low Mdm2 levels might preferentially lead to an export of p53 to the cytosol rather than promote its nuclear degradation. Further increase in Mdm2 levels over time then were irrelevant as apoptosis already had been initiated. A major primary difference between 20 Gy gamma-and 100 J/ m 2 UV-irradiation that may significantly influence the outcome of the p53 response thus is the course of Mdm2 upregulation. Differential regulation of Mdm2 expression could be due to inherent properties of the Mdm2-promoter and the type of damage incurred after gamma-and UV-irradiation. We previously demonstrated that p53-mediated transcription from the Mdm2-promoter is supported by a 'relaxed' DNA conformation, while supercoiling of the DNA is strongly inhibitory (Kim et al., 1999) . Clearly, double-strand breaks induced by gamma-irradiation will promote local DNA relaxation, while local crosslinking of DNA after high-dose UV-irradiation might prevent or slow down this process. Our observation that low levels of Mdm2 could promote non-transcriptional p53 apoptosis thus could open novel means for directing the p53 response towards apoptosis also in clinical settings.
The fact that mutant p53 proteins usually are present at high amounts in tumor cells and that activation of Bax does not depend on the transcriptional activity of wtp53 supports the idea that some mutant p53 proteins may contribute to induction of apoptosis by their ability to activate Bax in a regulated manner. So far, we have only found the endogenous 3T3tx mutant p53 that retains the capacity to activate Bax. However, it will be extremely important to find out, which other mutant p53 proteins support Bax-activation and what determines their capacity to do so, as this might lead to the development of new therapeutic drugs that restore the transcription-independent, pro-apoptotic activity of wtp53 in tumor cells.
Materials and methods
Cell culture and irradiation NIH3T3, Balb/c3T3tx (provided by J Milner), 10-1 (provided by AJ Levine) cells and primary MEF were cultured at 371C and 5% CO 2 in DMEM supplemented with 5-10% FCS. 10-1cG9 cells (Ziegler, 1998) were maintained at 391C. For UVirradiation, the medium was removed and cells washed with PBS. After removal of PBS, cells were subjected to UVirradiation in a UV crosslinker (1800, Stratagene). Fresh medium was added and cells cultured under normal conditions until the time of harvesting. Gamma-irradiation was performed using an 137 Cs source.
Transient transfection
At 18 h before irradiation, NIH3T3 cells were transiently transfected using the Nucleofector system (Kit R, program A-24) by Amaxa. Expression vectors coding for HA-tagged murine wtp53 and GFP were provided by A Hermannsta¨dter, a vector coding for a fusion protein of GFP and bgalactosidase was provided by F Fackelmayer. For downregulation of mutp53, Balb/c3T3tx cells were transiently transfected with 200 nM chemically synthesized (Dharmacon) p53 specific siRNA (5 0 AAGACTCCAGTGGGAACCTTC 3 0 ) 20 h before irradiation. Transfection was performed with oligofectamine (Invitrogen) as described by the supplier.
FACS analysis
At different time points after irradiation, the medium was removed and cells fixed in 80% ethanol (À201C). After rehydration in PBS þ 0.1% EDTA, cells were stained with 30 mg/ml propidium iodide in PBS containing 0.3 mg/ml RNase A for 30 min at 371C. FACS analysis was performed using an EPICS-XL cytometer (BeckmannCoulter). 10 4 events excluding doublets were analysed per sample.
Cell fractionation
Nuclear and cytosolic fractions were prepared using the Parist kit (Ambion) as described by the supplier.
Western Blot
At different time points after irradiation, cells were washed with ice-cold PBS, harvested and stored at -701C. Cells were lysed in 50 mM HEPES pH 7.5, 150 mM NaCl, 0.1% NP40, supplemented with proteinase inhibitors (Complete mini, Roche). Lysate (60 mg) were separated on 13% SDS-PAGE gels. For Western blotting and ECL we used standard protocols. Antibodies were obtained from Upstate: Bax (06-499); Biomol: Cytochrome c (SA-226); Cell Signaling: Cleaved caspase 3 (9661) and Phospho-p53-Ser15 (9284); BD Pharmingen: p21 (556430); Oncogene: PIG3 (PC268) and Tubulin (CP06); Imgenex: Puma (IMG-459); Santa Cruz: 14-3-3s (sc7681). Cdc6 and Mdm2 were detected with specific antisera (I Dornreiter and W Deppert). Where indicated, Mdm2 was detected with hybridoma supernatant 4B2. Antibody K592 against SAF-A was provided by F Fackelmayer. Detection of p53 was carried out with hybridoma supernatant PAb240 or with a polyclonal rabbit antibody (SAPU, UK).
Microscopy
Cells were grown on coverslips and fixed in À201C acetone/ methanol (1 : 1) at different time points after irradiation. After rehydration in PBS, cells were blocked with normal donkey serum and incubated with specific primary antibodies for 60 min. Cells were washed 3 Â 7 min in PBS followed by incubation with Alexa488 and Alexa555-labeled (Molecular Probes) and Cy5-labeled (Dianova) secondary antibodies for 30 min. After immunostaining, cells were washed 3 Â 7 min in PBS and subjected to mitochondria or nuclei staining. Mitochondria were stained with 500 nM Mitotracker Green FM (Molecular Probes) for 9 min and washed 3 Â 7 min in PBS. Nuclei were stained by incubation with 5 mM DRAQ5 (Alexis) for 5 min. Confocal images were captured on Leica TCS-NT and Zeiss LSM 510 Meta laser scanning microscopes. The following primary antibodies were used: Bax (06-499, Upstate), Cleaved caspase 3 (9661, Cell Signaling); HA (1867423, Roche). P53 was stained with PAb248 hybridoma supernatant.
X-Gal staining
Activity of SA-b-galactosidase was monitored by X-Gal staining at pH 6.0 as described by Dimri et al. 1995. 
